The chain-breaking antioxidant a-tocopherol has not been reported to be present in mammalian spermatozoa, unlike other cell types where it contributes to cell integrity and function. Semen samples obtained from 36 male partners of infertile couples during infertility investigations were analysed for a-tocopherol content of seminal plasma and spermatozoa, and the superoxide dismutase and glutathione peroxidase activities of spermatozoa were determined concomitantly with routine semen analysis. A wide range of a-tocopherol concentrations was detected in human spermatozoa (85 ± 51 ng/10 8 spermatozoa, range 10-245). The concentration of a-tocopherol in spermatozoa was not found to be significantly related to the concentration or the total amount of a-tocopherol in seminal plasma. The percentage of motile spermatozoa was significantly related to sperm a-tocopherol content [r = 0.84, P <0.001). a-tocopherol concentration and superoxide dismutase and glutathione peroxidase activities of spermatozoa were significantly elevated when the semen samples contained <10 6 leukocytes/ml (mean ± SD, 95 ± 53 compared with 54 ± 29 ng/10 8 spermatozoa, P <0.02, 1.15 ± 0.41 compared with 0.77 ± 0.30 IU/10 8 spermatozoa, P<0.02 and 60 ± 26 compared with 30 ± 14 spermatozoa mlU/10 8 spermatozoa, P<0.005 respectively). From these results, it is suggested that atocopherol might play a role in association with antioxidant enzymes, for preserving the functional competence of spermatozoa subjected to an oxidative attack.
Introduction
The effect of reactive oxygen species (ROS) on sperm motility and the toxicity of the fatty acid peroxides generated by their attack of the membrane phospholipids were recognized two decades ago (Poulos et al, 1973; Jones et al, 1978) . There are two potential sources of ROS: the leukocytes and the spermatozoa themselves (Aitken et al., 1992; Kessopoulou et al, 1992) . Antioxidant molecules which can counteract the cellular damage due to ROS are present in seminal plasma and spermatozoa. Seminal plasma has been reported to contain a-tocopherol (Moilanen et al., 1993) , uric acid and vitamin C (Rhemrev etal, 1992; Thiele et al, 1995) , as well as enzymatic systems protective against oxidative damage, superoxide dismutase (Nissen and Kreysel, 1983; Zini et al, 1993) and catalase (Jeulin et al, 1989; Zini et al, 1993) . Superoxide dismutase was also found in human spermatozoa (Alvarez et al, 1987; Zini et al, 1993) as well as the glutathione peroxidase/reductase pair (Alvarez et al, 1989) and catalase (Jeulin et al, 1989; Zini et al, 1993) .
As far as we know, a-tocopherol, a well known chainbreaking antioxidant (Burton et al, 1983; Burton and Ingold, 1986) found in various cell types (Kitabchi and Wimalasena, 1982; Traber and Kayden, 1987; Cheeseman et al, 1988) where it contributes to their integrity and function (Urano et al, © European Society for Human Reproduction and Embryology 1987), has not been reported from mammalian spermatozoa. In contrast, the in-vitro addition of a-tocopherol in provoked oxidative stress has been reported to inhibit the lipid peroxidation of sperm membranes and to enhance the ability of spermatozoa to fuse with zona-free hamster oocytes (Aitken and Clarkson, 1988; Aitken et al, 1989) while it did not counteract a free radical-induced loss of motility (Baker et al, 1996) .
The present study was initiated to investigate the presence of a-tocopherol in human spermatozoa, and to analyse the relationship between sperm a-tocopherol and the presence of leukocytes, the percentage of motile spermatozoa and the concentrations of the cellular enzymes which protect against oxidative damage.
Materials and methods

Semen samples and analysis
Semen samples were obtained from 36 male partners of infertile couples during infertility investigations. All semen samples were collected by masturbation in the laboratory after a 3-5 day period of sexual abstinence, then incubated at 37°C and analysed within 1 h. Semen characteristics were investigated by standard procedures according to World Health Organization (WHO, 1992) recommenda-tions for sperm concentration (X \(ftlm\) and the evaluation of the percentages of living and motile spermatozoa-Sperm concentration and the concentration of round cells were measured by haemocytometry. Motile spermatozoa corresponded to the rapidly and slowly moving sperm WHO grades 'a' + V. The percentage of morphologically normal spermatozoa was evaluated from smears after Shorr staining according to David et al. (1975) . The different types of white blood cell were identified and counted on the stained smears concomitant with the identification and the morphological classification of sperm. This enabled the proportion of white blood cells relative to the spermatozoa to be calculated and approximate estimation of their concentration from this proportion and from the measured sperm concentration.
Preparation of seminal plasma and spermatozoa for biochemical analysis
For each sample, seminal plasma was separated from the spermatozoa 1 h after semen collection by one cycle of centrifugation at 1500 g for 10 min at 4°C and maintained at -80°C until analysis. For the analysis of a-tocopherol (AT), superoxide dismutase (SOD), and glutathione peroxidase (GPX) in spermatozoa, the pellet was resuspended in 10 volumes of medium NTPC (NaCl 113 mM, NaH 2 PO 4 12.5 mM, Na 2 HPO 4 2.5 mM, CaCl 2 1.7 mM, D-glucose 1.5 mM, Tris 20 mM, EDTA 0.4 mM adjusted to pH 7.4 with HC1) (Alvarez and Storey, 1982) and centrifuged at 1500 g for 10 min at 4°C. This washing procedure was repeated three times. The spermatozoa were resuspended in an appropriate volume of NTPC to obtain a final concentration of 100 X lO^ml for all semen samples studied. Each sample was sonicated and then maintained at -80°C until analysis. a-tocopherol extraction and analysis in seminal plasma and spermatozoa AT extraction was performed with hexane after ethanol denaturation on 100 (J.1 aliquots of each type of sample. High performance liquid chromatography was used to separate AT [mobile phase: 100% methanol; analytical column: C18 Kromasil (Touzart et Matignon, Les Ulis, France), length X diameter of column = 250 X 4.6 mm, diameter of silicon particles = 5 u.m; flow rate = 1 ml/min). Quantification was accomplished for seminal plasma and for sperm cells by fluorimetry using excitation and emission wavelengths of 210 nm and 330 nm (FL 2000, Thermo Separation Product, Les Ulis, France), a-tocopherol acetate (Sigma, St Louis, MO, USA) was used as an external and an internal standard (Zaspel and Czallany, 1983) . AT was expressed in seminal plasma as a concentration (ng/ ml) or as a total amount (ng). The measurement of AT in sperm cells was expressed as ng/mg protein or ng/10 8 spermatozoa. The latter expression referred to the total number of spermatozoa in the preparation depending on the adjusted concentration (100 X lOfyml for all semen samples studied) and the volume of NTPC added for each semen sample. In the present study, the intra-and interassay coefficients of variation were 5 and 8% for AT, a variation similar to that found by Zaspel and Czallany (1983) . The intra-and interassay coefficients of variation for both SOD and GPX were 5 and 8% respectively.
SOD and GPX activities measurements
The two enzymatic activities were determined in samples of sonicated spermatozoa. SOD was measured by the inhibition of 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT) reduction caused by the presence of superoxide ions (Bannister et al., 1987) . Briefly, xanthine-xanthine oxidase was used to generate a superoxide flux and the reduction of INT was followed at 505 nm at 30°C. The rate of INT reaction in the absence of sample was defined as the reference rate (0.025 ± 0.030 absorbance/min, which corresponds to the 100% uninhibited reaction). The degree of inhibition was defined as the percentage of the reference rate of INT when SOD activity was not present. One unit of activity was defined as the amount of protein necessary to decrease the reference rate to 50% of maximum inhibition. Each assay tube contained the final concentration of the following reagents: 50 mM CAPS buffer (3-[cyclohexylamino]-l-propanesulphonic acid), pH 10.2, 1 mM EDTA, 25 uM INT, 50 uM xanthine, 1 IU/ml catalase, 0.05 mM bathocuproine disulphonate disodium salt (BCS), 0.13 mg/ml bovine serum albumin (BSA) and enough xanthine oxidase to achieve the required reference rate. BCS and BSA were added to inhibit non-enzymatic scavenging of superoxide ions (Spitz and Oberley, 1989) . Sperm protein content was measured by the Bio-Rad Protein assay (Bio-Rad, Ivry sur Seine, France). All data were expressed in IU of SOD activity per mg of sperm proteins or, as for AT, per 10 8 spermatozoa.
GPX was assayed by an adaptation of the method of Paglia and Valentine (1967) with cumene hydroperoxide (CHP) as a substrate. The assay mixture contained 0.05 M phosphate buffer, pH 7.2; 4.3 mM EDTA; 0.28 mM NADPH; 0.5 IU glutathione reductase; 4 mM glutathione (GSH) and the appropriate amount of sperm cells per litre. The oxidation of NADPH by CHP (0.18 mM) added to the sample tube was followed spectrophotometrically at 340 nm at 30°C. An additional blank containing all components except the sperm sample was used to correct non-enzymatic oxidation of GSH and NADPH by CHP. One unit of GPX was defined as that able to convert 1 uM of substrate per min. Results were expressed in mlU of GPX per mg of sperm proteins or, as for AT, per 10 8 spermatozoa. The protein content of spermatozoa was assessed as in the SOD assay. The intra-and interassay coefficients of variation were 8 and 5% respectively for the two enzymatic activities SOD and GPX (Therond et al, 1987) .
Statistical analysis
The statistical significance of differences between groups was assessed by non-parametric statistics (Mann-Whitney test). The relationships between the variables studied were analysed by the Pearson test (r). The distribution of variables was examined. The concentration of AT in seminal plasma and sperm and the total amount of AT in seminal plasma were not normally distributed. Therefore these variables were normalized by log transformation before regression analysis. All statistics were calculated using the BMDP statistical software (Los Angeles, CA, USA).
Results
Mean values and ranges of semen characteristics, a-tocopherol concentrations in seminal plasma and spermatozoa and SOD and GPX activities in spermatozoa are shown in Table I .
Relationship between a-tocopherol in seminal plasma and spermatozoa
The concentrations of AT in seminal plasma and spermatozoa varied considerably between patients. The concentration of AT in spermatozoa was related neither to the concentration nor to the total amount of AT in seminal plasma (Figure la,b) . There was a positive statistically significant relationship between AT concentration in sperm and SOD and GPX activities (r = 0.77 and r = 0.79 respectively, both P <0.001) (Figure 2a,b) . SOD and GPX activities were correlated (r = 0.80, P <0.001). Relationship between a-tocopherol in seminal plasma and spermatozoa and sperm characteristics Statistically significant positive relationships were found between the concentration of AT in spermatozoa and the percentage of motile sperm (r = 0.84, P <0.001), the percentage of living spermatozoa and the percentage of normal spermatozoa (Table II) . The concentration and the total amount of AT in seminal plasma were not related to any semen variable. The ratio of AT concentration in spermatozoa to AT concentration in seminal plasma was significantly related to the percentages of motile spermatozoa (r = 0.53; P = 0.001), living spermatozoa (r = 0.41; P <0.02) and normal spermatozoa (r = 0.48; P <0.005). Significant positive relationships were also found between the percentage of motile spermatozoa, sperm superoxide dismutase (SOD) and glutathione peroxidase (GPX) activities, and the percentages of living and normal spermatozoa were also significantly related to SOD and GPX activities (Table II) .
Relationship between a-tocopherol in spermatozoa and the presence of leukocytes in seminal plasma
A concentration of leukocytes SslOfyml was associated with a statistically significantly lower AT concentration in sperm as well as significantly lower seminal volume, motility and normal morphology (Table EH) . Although differences in the mean values of the characteristics studied for the two groups of men distinguished according to their leukocyte level (with a cutoff point at 1 X 10 6 leukocytes/ml) were found, there was no significant correlation between the individual levels of either leukocytes or of AT, SOD or GPX.
Discussion
Previous reports which examined the effects of antioxidants such as a-tocopherol (AT) on spermatozoa motility were based on the use of in-vitro-induced ROS (Aitken and Clarkson, 1988; Aitken et al, 1989; Baker et al, 1996) . The results of the present study provide the first evidence for the presence of AT in human spermatozoa. In a group of unselected patients who were partners of infertile couples undergoing infertility investigations, the concentrations of AT in spermatozoa were related to sperm motility and the presence of leukocytes. Moreover AT concentration in spermatozoa paralleled SOD and GPX activities and there were statistically significant relationships between motility and SOD and GPX activities in spermatozoa (Alvarez and Storey, 1989; Kobayashi et al, 1991) . Leukocytes are well-known inducers of ROS in semen (Aitken et al., 1992; Kessopoulou et al., 1992) and the detrimental effect of leukocyte-generated ROS on spermatozoa has been extensively reported (Alvarez et al., 1987; Aitken et al., 1989; Aitken et al, 1995) . Our data revealed inferior semen characteristics, and lower SOD and GPX activities in Correlations between a-tocopherol concentration in sperm (logarithmic scale) and superoxide dismutase (SOD) activity in spermatozoa (A), glutathione peroxidase (GPX) activity in spermatozoa (B). There were positive statistically significant relationships between a-tocopherol concentration in spermatozoa and SOD and GPX activities (r = 0.77 and r = 0.79 respectively, both P <0.001) and SOD and GPX activities were significantly correlated (r = 0.80, P <0.001).
samples with detectable concentrations of leukocytes which could be an important source of ROS. An interesting finding of the present study was that AT concentration in sperm cells was not correlated with the AT content of seminal plasma. The mean AT concentration obtained in seminal plasma was similar to that previously reported in comparable groups of patients (Moilanen et al., 1993; Kessopoulou et al., 1995) . In a double-blind randomized placebo cross-over controlled trial testing the effect of AT administered orally (Kessopoulou et al., 1995) , significant increases of AT concentration were observed in blood serum but not in seminal plasma. Unfortunately, the authors did not measure the concentration of AT in spermatozoa due to the low sperm numbers in the semen. More generally, the fact that the presence of a-tocopherol has not been previously reported in mammalian and human spermatozoa is very surprising. The widely-used method for measuring AT using UV is 742 much less sensitive than measurement by fluorimetry, the technique used in this study. The very low concentrations of sperm AT (85 ± 51 ng/10 8 spermatozoa corresponding to 113 ± 67 ng/mg protein) measured in the present study are below the limits for UV measurement. This may be the reason why AT has not been detected previously in spermatozoa.
Since AT has been detected previously in seminal plasma, its incorporation in sperm membrane would be considered likely. In that case, a good correlation between AT concentration in seminal plasma and sperm cells would be expected. However, we found no such correlation, unlike other tissues where cells are in suspension in a biological fluid, e.g. platelets within the plasma (Nordoy and Strom, 1975) . Moreover, we found no correlation between AT in seminal plasma and other semen characteristics. Therefore the measurement of AT in seminal plasma is not very useful. In contrast, the measurement of AT concentration in spermatozoa was found to be significantly related to morphofunctional parameters of sperm cells. These results raise questions as to where and how AT is incorporated into the sperm plasma membrane. Kessopoulou et al. (1992) showed a significant improvement of sperm-zona pellucida binding in the absence of significant elevation of AT in seminal plasma following oral administration of AT. These results, in association with our own, suggest that AT is incorporated into the sperm membrane before ejaculation. The fact that we found statistically significant relationships between the sperm to seminal plasma ratio of AT and sperm motility, the percentage of viable spermatozoa and the percentage of morphologically normal spermatozoa is probably the consequence of the experimental procedure in which the sperm cells were in prolonged contact with seminal plasma, an important difference from the physiological situation.
It has been well documented that high amounts of ROS are more often found in semen samples with low motility, suggesting two sources of oxygen radicals: leukocytes and the spermatozoa themselves (Aitken and West, 1990; Kessoupoulou et al, 1992) .
If one assumes that the leukocytes are admixed with the spermatozoa at the moment of ejaculation, then there is a low probability that they will have a detrimental influence upon sperm functionality and the concentration of AT in spermatozoa because of the powerful antioxidant properties of seminal plasma (Jones et al., 1979; Zalataef a/., 1995) . On the contrary, the presence of leukocytes is likely to be damaging and therefore to decrease AT concentration in spermatozoa if infiltration occurs at the level of the epididymis or the rete testis (Jones et al, 1979) . Thus, the low concentrations of sperm AT and the lower motility observed in the samples where the leukocyte concentration is >1 X lOfyml might be the consequences of an oxidative attack by leukocytes occurring before the mixing of the spermatozoa with vesicular and prostate secretions at the moment of ejaculation. Aitken et al. (1989) have demonstrated that the damage inflicted on sperm plasma membrane by iron-catalysed peroxidation can be limited by the presence of AT. In addition, an association between an increase in ROS activity as assessed by chemiluminescence or in the amount of the final products of lipid peroxidation (the thiobarbituric acid-reactive substances) and decreasing cellular AT concentrations, from a threshold of ~80% the initial level, has been reported in hepatocytes (MacCay et al, 1989) . During subsequent lipid peroxidation, measurements of maximal chemiluminescence or of final products of lipid peroxidation paralleled the measurements of the lowest AT concentrations. Therefore our results, together with these observations, might suggest that an overproduction of ROS could be responsible for low AT concentrations in spermatozoa.
The role of AT is to inhibit the propagation of lipid peroxidation within biological membranes without influencing the initiation of this process. It must be remembered that AT generates a primary product of lipid peroxidation by reducing lipid peroxyl radicals to hydroperoxides, leading to the transformation of AT into tocopheroxyl radical. It is well known that vitamin C is able to regenerate active tocopherol from this radical in order to maintain the antioxidant capacity of AT. However, since AT generates hydroperoxides, its antioxidant effect will be active only if GPX activity is conserved to transform the generated hydroperoxide into non-reactive molecules. The finding of statistically significant relationships between AT and SOD and between AT and GPX in spermatozoa reinforces the notion of an interrelated role for these molecules in the process of oxidative stress. A recent study by Griveau et al. (1995) showed that the treatment of human spermatozoa with hydrogen peroxide inactivates several enzymes including glucose 6 phosphate dehydrogenase, GPX and SOD. They proposed that the first element in the process may be the inhibition of these antioxidant enzymes which could later lead to the peroxidation of membrane phospholipids. Regarding this hypothesis, SOD and GPX would be the primary defence systems and, from our results, AT would act as the last barrier to maintain the integrity of the sperm membrane. The sequence proposed by Griveau et al requires that hydrogen peroxide diffuses across the membrane into the sperm and inhibits SOD and GPX activities before exerting its toxic effect towards membrane lipids. This assumption implies that hydrogen peroxide is the only extracellular ROS produced during oxidative stress. In fact, other ROS generated by leukocytes, including hydroxyl radicals, can directly induce lipid peroxidation. The high reactivity of these radicals has a direct toxic effect on membrane lipids, at the site of their formation (Kovalski et al, 1992) . In this situation, AT might provide the primary defence against ROS.
In conclusion, the present results suggest a role for sperm AT regarding the morphofunctional status of human spermatozoa and its possible clinical relevance. This warrants further studies investigating the modality of AT incorporation into the sperm membrane in physiological and pathological situations concurrent with the assessments of SOD and GPX activities of spermatozoa, the content of ROS and the concentration of leukocytes.
